Self-assembly structures of gemini surfactants are characterized, among others, for their low CMC. This characteristic could be due to great hydrophobic parts in their molecular structures. That availability could imply great stability of selfassembly structures or monolayers absorbed in an interface.
INTRODUCTION
The use of amphiphilic molecules is of crucial importance in many different industries such as chemical, oil recovery, medicine or personal care ones 1, 2 . The main characteristic of these compounds is their exotic capability of selfassembling in aqueous solution under certain thermodynamic conditions. Great efforts have been performed in order to explain and model their self-assembly behavior and adsorption processes at interfaces [3] [4] [5] , which are based fundamentally on entropic interactions, Van der Waals forces and hydrogen bonding. The better performance and higher efficacy of surfactant molecules is directly related to their ability to decrease their critical micelle concentration and surface tension as well as to enhance their emulsification and solubilization properties, which can be exploited for the introduction of innovative and more effective surfactant-based products. In this regard, Gemini surfactants appear as a relatively new class of innovative surfactant molecules which can fulfill this need. These are dimeric surfactants that consist of two monomeric head groups connected by a spacer [6] [7] [8] . In comparison with their corresponding monomeric counterparts, gemini surfactants show a higher surface activity, and lower critical micelle concentrations (CMCs) and Kraft temperatures 9, 10 , as well as forming in solution many different morphological micellar structures, vesicles, helices or tubules 11, 12 . All these properties make them suitable for many different industrial processes 13, 14 as emulsifiers, dispersants, coating agents and corrosion inhibitors, and biophysical applications 2, 15, 16 such as membrane solubilization, drug delivery systems or gene delivery by DNA-compaction, amongst others.
In the present work, the self-assembly behavior of two new gemini surfactants 1,4-Bis(tetradecyl trimethyl ammonium) butane (14-4-14) and 1,6-Bis(tetradecyl trimethyl ammonium) hexane was perforemd. Apart from the previously mentioned applications, this kind of surfactants bearing quaternary ammonium salts have also shown, for example, excellent properties as microbiocides 17 , permeation enhancers of drugs 16, 18 , biodetereoration inhibitors 19 or as cleaning and disinfectant agents 20 . Also, the potential influence of changes in the spacer length on the resulting physic-chemical properties were considered. Dynamic surface tension (DST) and isothermal titration calorimetry measurements (ITC) were done in order to characterize the newly synthesized surfactants, and new models to manage surface tension and calorimetric data and explained the obtained results were developed.
In this regard, it is worth mentioning that the variation of the surface tension with the surfactant bulk concentration is clasically analyzed using the Gibbs adsorption theory. However, experimental observations show incompatibilities between the saturation behavior at the interface of cationic surfactants and the assumption of this saturation regime before the surfactant CMC according to the Gibbs adsorption theory 21 . Regard to the saturation behavior, there is a high depth discussion germinated from several concatenated works based on questions and answers between reputed researchers in the field [22] [23] [24] [25] [26] . The Gibbs adsorption equation:
is applied for experimental data obtained at constant temperature and pressure, where is the dimensionless constant accounting for the surfactant ionic state, is the ideal gas constant ( −1 −1 ), the temperature ( ), is the measured surface tension ( −1 ), is the surfactant bulk concentration ( ), and is the surface excess concentration ( −2 ). It is usually accepted that = 1 for nonionic and = 2 for ionic surfactants, respectively.
However, for gemini surfactants the value of remains doubtful due to the ionic structure of these surfactants. The use of Eq. (1) has been previously questioned in the literature 22 , so there is a clear need to develop new models to explain the origin of surface tension changes 27 . Then, we here developed a new method to analyze the dynamic adsorption isotherm of gemini surfactants based on the dynamic surface tension profiles at different bulk surfactant concentrations. This model is based on the Frumkin adsorption isotherm 28 to take into account the lateral chain interactions at the interface, consequence of the ionic character and large hydrophobic moiety of the chosen surfactants (tails and spacer). In this regard, the ionic nature of the present surfactants leads to electrostatic interactions between the adsorbed gemini molecules, so a parameter to take into account such lateral interactions is introduced ( ). The large hydrophobic moieties interact via Van der Waals attractive forces, so the interface behaves as attractive ( > 0) and the adsorption is cooperative. On the other hand, the problem of diffusion from bulk to the solution interface was treated through the Ward-Tordai diffusion equation 29 . The relationship between the dynamic surface tension and the surfactant concentration was established by means of the May-Jeelani-Hartland empiric equation 30 . Then, our approach allow us to explain and model the behavior of the dynamic surface tension profiles at the beginning of adsorption process, in which experimental data show an initial inflection only compatible with a cooperative adsorption isotherm.
On the other hand, demicellization ITC data from the derive gemini surfactants were shown to display both endothermic and exothermic peaks upon each titration (at surfactant concentrations in the sample cell below the CMC) for this kind of gemini surfactants. Because that exothermic contribution disappears in the micellar dilution regime (gemini concentration in the sample cell > CMC) a novel method is also implemented to get an explanation about the exothermic contribution in the demicellization regime, and a new protocol based on this exothermic component was used to estimate the CMC.
MATERIALS AND METHODS

Materials
The gemini surfactants 1,4-Bis(tetradecyl trimethyl ammonium) butane (14-4-14) and 1,6-Bis(tetradecyl trimethyl ammonium) hexane were synthesized from the corresponding ´-dibromide, 1,4-dibromobutane or 1,6-dibromohexane (5 mmol), and anhydrous N,N-dimethyltetradecylamine (10 mmol) in 50 mL of acetone upon boiling under reflux for 96h. The material obtained after removal of the solvent with a rotary evaporator was crystallized from ethanol-ether. The obtained crystals (recrystallized from methanol) were, then, dried in a vacuum desiccator at ambient temperature to give the desired product (25% yield). All other reactants were of the highest commercially available purity and were used as received.
Both surfactants were characterized by 1 H NMR spectroscopy (see Figure SI1 ).
NMR spectra were measured in D2O in a Bruker Advance ARX-400 spectrometer operating at 400 and 100 MHz, respectively. The observed 1 H NMR shifts (300 MHz, D2O, 25°C) for 14-4-14 ( Figure SI1A 
Pressure-controlled pendant-drop surface balance
A previously described pendant drop tensiometer was used 31, 32 . Briefly, this instrument uses Axisymmetric Drop Shape Analysis (ADSA) 33 and water vapor to guarantee isothermal measurements at the liquid-vapor equilibrium. In our experiments, the drop volume was kept constant to ensure the same surfactant concentration during the diffusion process to the drop surface.
Isothermal Titration Calorimetry
The titrations were performed using an isothermal titration microcalorimeter (VP- and thermostated by using a ThermoVac accessory before the titration process.
The equilibration time between injections was set at 300 s.
RESULTS AND DISCUSSION
Thermodynamics of micellization of gemini surfactants
Isothermal microcalorimetry was used to analyze the interactions involved in the micellization behavior of the present gemini surfactants. It is typical to find in the literature procedures to analyze the titration enthalpograms of surfactant demicellization based on the determination of an inflection point in the heat plot by sigmoidal regression of the demicellization enthalpies 34, 35 to determine the CMC. In a similar procedure, the demicellization processes at different temperatures 36 or different media were also analyzed 37 . Typical demicellization enthalpograms of gemini surfactants are given in represented by the energy necessary to separate micelles in gemini surfactants;
ii) a second phenomenon when the micelle was broken and the hydrocarbon parts of gemini surfactants -chain and spacer groups-become in contact with water molecules, leading to the appearance of caged water molecules, named here as dress-water formation (DW); and iii) finally, an energetic contribution related to surfactant dilution which appears when micelles are broken and monomeric surfactants are surrounded by water molecules. This latter phenomenon will be neglected in our methodology since it is considered the smallest energetic contribution.
In enthalpic terms, the micelle-breakup (MB) process is associated with the presence of endothermic peaks. The increase in the separation between and substrate ([ ] ) we can apply a single set of identical sites (SSIS) binding model 38 using a mass balance:
where [ ] is the concentration of free ligand while the binding is taking place, and ´ is the average occupation. When ´= 0, there is no binding and when ´= 1 each substrate hole or "water dress" is occupied. We could consider a binding isotherm assuming the existence of no preferred interactions between the ligand and the substrate, this is, a Hill-Langmuir isotherm:
where is the adsorption or equilibrium constant, and is the occupation fraction of the substrate by the ligand. When = 0 the substrate is fully empty, and if = 1 the substrate is fully bonded. There is a relation between and ´ given by:
where is the occupancy at each substrate. If = 1, the occupation fraction and average occupation are the same.
To fit plots in Figure 2 , a relationship between the evolved heat ( ) and the enthalpy (∆ ) is proposed:
where 0 is the volume of the solution in the sample cell. The model applied to fit the data is the Single-Site Model from Origin 7.0 with Microcal LLC ITC script.
Briefly, the model is same that showed in eq. (5) with an implemented correction in the volume due to successive titrations. Gibbs free energy of dress water formation, ∆ , was negative for both gemini surfactants indicating the spontaneity of the process, and are similar as a result of their small structural differences.
In Figure 3a , changes in the micellization enthalpy values with temperature are displayed. The micellization enthalpy will be of the same magnitude but of different sign to that of demicellization enthalpy. This enthalpy is estimated by summing the areas from the endothermic to the exothermic peaks in each titration, taking into account the net sign of the involved energy. The procedure is shown in Figure 3b , in which each titration is composed of an endothermic (micelle break up) and an exothermic peak (resulting from the dress water formation around the hydrocarbon chains). To estimate the demicellization enthalpy, only the average of the five first titrations was considered by assuming that other further titrations display additional energy contributions, such as energies involved in premicellar states or the decrease of enthalpy in MB process.
The micellization Gibbs free energy was estimated from the CMC values shown in Table 1 and the following equation for dimeric surfactants bearing monovalent counterions 34, 39 :
In eq. (6), the CMC is expressed in terms of molarity of each alkyl chain with data from Table 1 , and is the fraction of charges of micellized univalent surfactant ions neutralized by micelle-bound univalent counterions. This parameter is calculated by conductivity measurements using = 1 − and literature data for structurally-related 14 40 surfactant. The estimated values of ∆ can be observed in Figure 3a . As it can see, the values of ∆ lay into a narrow range for all temperatures. The negative sign in all cases indicates that the micellization is a spontaneous process. Once obtained ∆ and ∆ , it is possible to calculate ∆ using the Gibbs free energy for a system under an isobaric and isothermic process: Figure 3a shows the changes of ∆ , ∆ and ∆ with solution temperature. As previously reported for similar systems 36 at low temperatures ∆ > 0 and ∆ > 0, and the micellization process is entropy-driven. As the solution temperature decreases, the motion of water molecules becomes more restricted, that is, the number of configurations decreases. Also, the hydrocarbon surfactant chains induce a decrease in the freedom of water molecules in their surroundings, and when the number of surfactant molecules is large enough, a rearrangement of the hydrocarbon chains forming micelles occurs to increase the freedom of those water molecules, which is characteristic of an entropicallydriven process. As the water temperature increases, the hydrogen bonding strength between water molecules surrounding alkyl chains decreases, the motion of water molecules is faster and the micellization process is governed by van der Waals interaction between the surfactant alkyl groups. Thus, our measurements of the surfactant demicellization at high temperatures mainly represent the energy involved in the break of surfactant micelles due to the screening of van der Waals interaction originated from the thermal agitation of water molecules, which implies that ∆ < 0 and ∆ < 0 being characteristic of an enthalpic-driven process. Figure 4 shows the relation between ∆ and ∆ , which can be envisaged in Figure 3a . This relation might represent an example of an enthalpyentropy compensation process, experimental evidence reported and discussed in several adsorption experiments and demicellization process [41] [42] [43] [44] . Although there is a great amount of experimental data that shows its presence in numerous systems 45, 46 , that compensation is a not yet fully explained effect. The free energy ∆ plays the main role in the enthalpy-entropy compensation. If the sign of ∆ is negative and the ∆ decrease with temperature, the sign of the slope in the compensation line is negative. Figure 3a shows a narrow range of variation of ∆ for all temperatures, while the ∆ observed decreases in a huge range when the temperature increase. In some reported experiments, the compensation effect in narrow ranges of ∆ was studied from the first law of thermodynamics 47 . So the intercept in the compensation line shows the free energy and the slope a compensation temperature, which is near to the experimental temperature. The data reported in this work shows enthalpies and free energies took at different temperatures of the demicellization process, as a previously reported and discussed topic 48 , the compensation and the parameters of the line can not be explained using the same ways that systems in which the free energy window is narrow and the temperature is kept constant. Taking account that free energy is what forces the enthalpy-entropy compensation, the nature of the intercept and slope of the compensation line will be evaluated.
In Figure 4 , the region with ∆ > 0 corresponds to an entropically-driven micellization and other with ∆ < 0 corresponds to an enthalpy-driven one. A potential linear relationship between them can be inferred through:
where ∆ * is the micellization enthalpy corresponding to ∆ = 0. As this process is reversible (isentropic), the energy of micellization will be entirely considered as the chemical part of the process. Therefore, ∆ * represents the surfactant-surfactant interaction 35 . The slope is a compensation temperature.
To understand the meaning of this temperature, it is recommendable to rewrite eq. (8) as:
It is worth mentioning that two interactions are fundamental in a surfactants micellization process: solute-solute and solute-solvent interactions. Solutesolvent interactions might be characterized by since the numerator in eq. (9)
provides the energy resulting from the desolvation process, ∆ quantifies the energy corresponding to micellization process and ∆ * corresponding to solutesolute interactions. The magnitude of will determine, then, the entropy variation for the specific micellization process. As can be seen in Figure 4 , there are no large differences between gemini surfactants. These small changes resulted from the small structural differences in their molecular structure.
Surfactant adsorption at the a/w interface from dynamic surface tension (DST) data
A theoretical model was developed to analyze the dynamic adsorption of gemini surfactants from the water bulk solution to the air/water (a/w) interface. Several similar models and procedures to deal with this process can be found in the literature 27, 42, [49] [50] [51] [52] , but the present proposed dynamic model allows derive the necessary quantities for the equilibrium state. A model based on a set of three equations taking into account diffusion, adsorption at the interface and the relationship between concentration in the neighborhood between the interface and surface is developed to make use of dynamic surface tension data. This procedure has several advantages as, for example, the possibility to analyze not only the adsorption isotherm of equilibrium values but also different dynamic adsorption isotherms. In this manner, we will obtain values of maximum concentration at the interface at any bulk concentration, adsorption constants, and lateral interaction constants but, in this case, using a classical adsorption process. In this model, there are depicted three different zones, which play different roles in the adsorption process, as seen in Figure 5 . The bulk area is the zone in which the surfactants are dispersed or also self-assembled in the form of micelles depending on the initial solution concentration. The subsurface is defined as a plane located just below the interface, and which represents a part of the bulk solution that undergoes an important concentration change as a result of the adsorption process. This plane has a surfactant concentration ( ( )) lower than the bulk concentration and can change to satisfy the dynamic equilibrium with the solute adsorbed at the interface. Finally, the adsorption plane or interface is an area where the surfactant is adsorbed and in which this phenomenon is assumed to be instantaneous in the proposed model.
In a general diffusion theory allowing back-diffusion, the dynamic mass transfer between the bulk and the subsurface can be modeled by the Ward-Tordai equation 29 :
where is the diffusion coefficient, is the bulk concentration, is a variable of integration, ( ) is dynamic surface concentration and ( ) is the time-depending subsurface plane concentration. As developed, eq. (10) is basically the result of applying the Fick's laws to a non-homogeneous solution of a diffusion problem.
The first term corresponds to a homogeneous solution, whilst the second one represents a component due to a variable condition, ( ).
Since we assume instantaneous adsorption from the subsurface plane to the interface, we will here present the model that reproduces how our gemini surfactants are adsorbed at the interface. Besides, we will consider the lateral chain and polar head interactions in the adsorption process. In summary, the adsorbed concentrations ( ) and ( ) are related by the Frumkin´s adsorption isotherm 28, 53 :
where is an adsorption constant in terms of the relative interfacial concentration If the separation between two phases is analyzed such as an air/water interface, it is possible to envisage surface tension as a property related to the cohesion of water molecules. In this way, when the interaction between the molecules of a medium increases, the surface tension also does, denoting surface tension like a bulk phenomenon. On the other hand, if at the interface there is a third species different than air or water, the surface tension will vary with respect to the a/w interface. Hence, we can show the surface tension like a property related to the concentration of a material adsorbed or in the neighborhood of the interface, denoting surface tension like a surface phenomenon. As a conclusion, at the air/water interface in which the surfactants are adsorbed, we here introduce a variational form for the surface tension depending on the surfactant concentration near the interface: 
where ( ) is the time-dependent surface tension, ( ) is the time-dependent subsurface surfactant concentration, is an adsorption constant in terms of the relative surface tension, and * is the surface tension at equilibrium for . The variational form of Eq. (12) shows that the surface tension decreases more slowly when the value of ( ) − * is increasingly smaller. However, there is a limit for the decrease of the surface tension, * . This form relates implicitly the surface tension variation to the interface surfactant adsorption and subsurface filling. In this regard, there exists a maximum occupancy in the subsurface to satisfy the dynamic equilibrium with the surfactant present within the bulk solution. As seen in Figure SI2 , all values of bulk concentration satisfy ( → ∞) < .
Integrating Eq. (12) allow us to obtain a functional form to use the obtained experimental dynamic surface tension data:
where 0 is the surface tension of water. Eq. (13) is similar as the empirical May-Jeelani-Hartland equation 30 Table 2 . It is necessary to comment that the used diffusion coefficients for gemini surfactants 14-4-14 and 14-6-14
were assumed to be similar 56 Table 1 ). As mentioned previously, Eq. (11) introduces a parameter through the Frumkin isotherm. Only positive values of were able to reproduce the initial surface dynamic tension changes (see Figure 8 ), denoting the great stability of the adsorption surfactant layer as a consequence of the attractive lateral interactions between adsorbed gemini molecules compared to a Langmuir adsorption 58 ( = 0). As the interface tends to saturation, Eq. (12) was proposed to explain the surface tension variation. These changes are caused not only by the surface saturation but also by the increase in the equilibrium values of as increases. This behavior can be observed in Figure SI2 , where values at equilibrium is smaller than their respective values.
Values of maximum surface excess concentrations, , are shown in Table   2 . As seen, is larger for 14-4-14 surfactant than for 14-6-14 one as a consequence of the larger size of the latter molecule and its higher hydrophobicity. As the used diffusion coefficients were the same for both gemini, the relation 4 > 6 can be observed from the fact that the dynamic isotherms of 14-6-14 decay before than the isotherm of 14-4-14 at the same concentration (see Figure 8 ). In other words, the equilibrium surface tension is reached before for 14-6-14 than for 14-4-14 at similar concentrations. This phenomenon can be explained using the qualitative results applying a classical analysis based in Gibbs adsorption. From Eq. (1), is directly related to the slope of the logarithmic plot of vs. .
CONCLUSIONS
Following previously reported procedures with some slight modifications 59 two new (α,ω-bis(S-alkyl dimethylammonium) alkane bromide gemini surfactants with different spacer length were obtained, and their surface activity and thermodynamics of micellization studied by means of dynamic surface tension and isothermal titration calorimetry measurements.
Firstly, the equilibrium and kinetic behaviors of the cationic gemini surfactants at the air/water interface was analysed using the pendant drop technique. The derived experimental data were explained in terms of a new model based on the Frumkin adsorption isotherm and the Ward-Tordai diffusion, which allowed us to explain the surfactants surface active behavior at the initial stages of the dynamic adsorption process at the air-water interface in terms of a cooperative adsorption process, in contrast to many previous works 21, 22, 27, 50, 60, 61 . In addition, positive values of lateral interactions indicate a high stability of the surfactant monolayer formed at the interface [62] [63] [64] [65] .
The proposed model allows us to avoid the use of Gibbs adsorption isotherm to not enter in conflict with the hypothesis about the chemical potential of the gemini surfactant, arguments in agreeing with previous works 21, 22, 25 .
Nevertheless, the presented model shows the compatibility between a full surface covered and the variation of surface tension by the increase of bulk concentration, arguments in agreeing with classical methodologies 55 and other critic works with the fact to avoid Gibbs adsorption isotherm 23, 54 .
On the other hand, ITC demicellization data at different temperatures revealed the coexistence of endothermic and exothermic peaks upon each titration in the micelle breakup regime. A new intuitive method was also developed to analyze the two energetic components of the obtained titration peaks in this regime, and to determine the extremely low CMC values of these kinds of surfactants, which also showed a strong temperature dependence. This new methodology allows the decoupling of hydration and micelle breakup contributions considering the former as a binding process, which is an improvement over previously developed analysis ITC 34-36, 41, 44 .
Future work will be directed to study and to characterize the stability of 
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